ABSTRACT
INTRODUCTION
Interest in pre-symptomatic diagnosis of genetic diseases by gene-level mutation detection has catalyzed development of such polymerase chain reaction (PCR)-based assays for mutation detection as allele-specific oligonucleotide (ASO; Reference 14) , reverse dot blot (15) , size resolution (10) and amplification refractory mutation system (ARMS; Reference 13) . Although most routine analyses by these methods do not require radioactive detection, they rely on gel separation or a visualization step that is limited in speed and throughput, which reduces their potential use in large-scale, DNA-based screening procedures. Also, cross-amplification (ARMS) or cross-hybridization (ASO, reverse dot blot) are potential sources of both false-positive and false-negative results. Non-gel formats requiring radioactive detection (e.g., solid-phase mini-sequencing; Reference 17) have failed to achieve widespread use.
Mass spectrometry (MS), in which molecules are ionized and volatilized in a vacuum and separated by their massto-charge ratios, offers an alternative highly automatable detection scheme not requiring electrophoresis, development or radioactivity. The low-energy, matrix-assisted laser desorption ionization (MALDI; Reference 8) and electrospray ionization (ESI; Reference 5) methods make possible mass measurement of DNA strands as large as a 500-mer (MALDI; Reference 19) and a >300 000-mer (ESI; Reference 2); with high-resolution ESI Fourier Transform (FT) MS, one Da accuracy on a 30-kDa, 100-mer (12) exceeds by orders of magnitude of that available using conventional (i.e., gel-based) separation techniques.
We present here an alternative, more universal method [competitive oligonucleotide single-base extension (COS -BE)] using MALDI for detection of base deletions, insertions or point mutations. In this experiment, the ∆ F508 cystic fibrosis mutation found in the cystic fibrosis transmembrane regulator ( CFTR ) gene is demonstrated.
MATERIALS AND METHODS

PCR Amplification and Strand Immobilization
CFTRexon 10 amplification (30 cycles: 95°C for 1 min, 55°C for 1 min, 72°C for 2 min) utilized 10 pmol of 5 ′ -biotinylated reverse primer, which was column-purified (Oligopurification Cartridge; Cruachem, Glasgow, Scotland) post-synthesis. PCR products were purified by column-separation (QIAquick ™; Qiagen, Hilden, Germany), and 25 µ L of the product (half of the PCR) were immobilized on streptavidin-coated paramagnetic beads (Dynabeads ® ; Dynal, Oslo, Norway) [5 µ L of beads resuspended in 25 µ L 2 × binding and washing (B+W) buffer] according to the manufacturer's standard protocol (4) . The DNA was denatured using 0.1 M NaOH and washed with 0.1 M NaOH, 1 ×B+W buffer and TE buffer to remove the nonbiotinylated sense strand and any unbound antisense strand. Assuming 50% efficiency of the PCR and 70% efficiency of the binding of PCR template to the beads (determined independently), approximately 3-4 pmol of PCR product is available as COSBE template.
COSBE Conditions
The immobilized antisense strands were resuspended in 18
, Germany] and 13 µ L H 2 0) and incubated at 80°C for 5minbefore the addition of Reaction Mixture 2 (10 pmol of each COSBE primer in a volume of 2 µ L) to give a total reaction volume of 20 µ L. The temperature was reduced to 60°C, and the mixtures were incubated for a 5-min annealing/extension period; the beads were then washed in 25 mM triethylammonium acetate (TEAA) followed by 50 mM ammonium citrate.
Primer Sequences
All primers were synthesized on an Expedite ™ 8909 DNA Synthesizer (PerSeptive Biosystems, Framingham, MA, USA) using conventional phosphoramidite chemistry (16) . COSBE primers (both containing an intentional mismatch one base before the 3 ′ end) were those used in a previous ARMS study (6) , with the exception that two bases were removed from the 5 ′ end of the normal allele primer (see Table 1 ).
Mass Spectrometry (MS)
After washing, beads were resuspended in 1 µ L of deionized water (18 Mohm/cm). Three hundred nanoliters each of matrix (21) and the resuspended beads were mixed on a sample target and allowed to airdry as previously described (18) . Up to 20 samples were spotted on a probe target disk for introduction into the source region of an unmodified Vision 2000 MALDI-TOF (Thermo Bioanalysis, Hempstead, England, UK) operated in reflectron mode with 5 and 20 kV on the target and conversion dynode, respectively, and using a 337-nm nitrogen laser (Laser Science, Newton, MA, USA). Theoretical average molecular weights [ M r (calc)] were calculated from atomic compositions. Vendor-provided software was used to determine peak centroids using an internal calibration from matrix and unextended primers. All spectra were collected in the positive ion mode; the mass of a proton (1.08 Da) has been subtracted from these in reporting neutral basis (charge = 0) masses. Depending on the intensity of molecular ion signal collected from a particular crystal containing the extension products, spectra shown are the result of between 5-50 summed shots.
RESULTS AND DISCUSSION
Scheme
Upon annealing to the immobilized template (Figure 1 . In total, nine DNAs were analyzed (data not shown), and results were obtained from all but one, which failed to amplify satisfactorily. No discrepancy was found between the MS results and those obtained by conventional techniques.
We are investigating decreasing the primer lengths, since even with only approximately 30-mer, depurinated strands (* in Figure 2 ) detract from molecular ion signal. However, binding efficiency may be related to primer size; for this and other mutation systems studied (not shown), the longer of a pair of primers usually results in more intense peaks as seen in Figure 2 , where 28-mer and 29-mer N and N+1 signals are smaller than 30-mer and 31-mer M and M+1 signals. Further, for the Figure 2c heterozygote, mostly N+1 and M+1 peaks are observed; there appears to be minor amounts of (unextended) N primers that remain bound to ∆ F508 mutant strands or M primers that remain bound to normal strands (Figure 1c ). This implies that primer binding for this system could be a highly dynamic equilibrium process or that stringent annealing conditions will require optimization as the method is extended to other systems. Eliminating mismatches at the N-1 and M-1 positions and decreasing annealing 
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temperatures (60°C here) should improve primer-template binding. A competitive system was chosen because it combines both normal and mutant detection in one tube, presenting an internal control for all reactions and halving the number of reactions necessary compared with techniques in which separate reactions are required for detection of different alleles. Allelespecific reactions can suffer from crossamplification or cross-hybridization under nonoptimized conditions; however, since the COSBE reaction does not include an amplification step, extension of the mismatched primer would have to occur on a large fraction of the target DNA to produce a measurable false signal. Although allele-based systems may require optimization of extension conditions for each mutation tested, multiplexing has been achieved for both the ARMS (6) and reverse dot blot tests (20) . MS detection is particularly amenable to single-tube multiplexing, since the M r of N, N+1, M, and M+1 can be pre-designed not to overlap in mass; the option to biotinylate both the sense and antisense strands provides further flexibility in primer design.
MS detection offers not only advantages in accuracy and specificity, but potentially in sensitivity as well; the sample loaded for a simultaneous M r determination for a 12-mer and 28-mer (750 amol each) approaches levels from a non-exponential (i.e., non-PCR) amplification; heat-denaturation and subsequent measurement of resuspended precipitated primers and products also results in significant improvements in sensitivity and reproducibility (unpublished) over measuring directly from the beads, which have an adverse effect on crystal formation.
Previous attempts at mutation detection by MS have required measurement of >50-mer; however, for such strands, peak broadening from laser-induced depurination and nonvolatile cation adduction limit routine precision and mass accuracy to approximately 0.1% (7) . Size differentiation by MS of 57-mer vs. 60-mer (MALDI; Reference 1) and 72-mer vs. 75-mer (ESI and MAL -DI; Reference 3) PCR fragments has been used to detect the cystic fibrosis ∆ F508 three-base deletion, but difficulties with MS of such strand lengths could limit the utility of this to detection of such relatively large (by MS standards) deletions. MALDI peaks from synthetic 72-mer and 75-mer were measured with a resolution of approximately 20, and salt adduction to unpurified 72-mer and 75-mer caused M r (exp) to be >250 Da higher than expected when measured by ESI. In each, the instrumental resolution is far too low to differentiate pure molecular ions from either cation adducts (upward mass shift) or depurination (downward mass shift) peaks. With a HPLC-purified 50-mer DNA, ESI-FT MS allows unambiguous assignment of an A→T mutation (-9-Da M r shift) and, upon sequencing by fragmentation (11), located this as base 27. The recent re-introduction of delayed-extraction MALDI also has potential for direct detection of point mutations because of its dramatic increase in resolution for oligonucleotide spectra (9) . COSBE with MS detection is demonstrated here with a three-base deletion, but is equally amenable to other mutation types; completion of a study of CFTR insertion (intron 4 splice site mutation 621+1 G>T) and single-base replacement (exon 11 G542X, G551D and R553X) mutations will precede planned application of the method to other genes (e.g., ApoE , β -globin or MEN) with mutations linked to genetic diseases.
INTRODUCTION
The heat-stable enzyme, TaqDNA polymerase, appears to remove basepaired DNA strands during primer extension mainly by virtue of its 5 ′ exonuclease activity (6) . Recently, a mutant form of the enzyme has been described, called the Stoffel fragment (11) , which lacks that activity. We theorized that using this mutant, it should be possible to design oligonucleotides that could not be extended themselves but that, when base-paired, could specifically inhibit enzymatic extension of other oligonucleotides. If so, several applications may be feasible, particularly in strategies involving amplification of multiple targets by a single pair of polymerase chain reaction (PCR) primers. Several such strategies have recently been described; examples being the use of broad-range primers for amplifying microbial targets, representational difference analysis and multiplex genotype determination (3,5,12,13,18) .
Previously, the use of synthetic peptide nucleic acids (PNAs), which are resistant to nuclease activity, has been described as capable of achieving similar sequence-specific PCR inhibition (15) . However, these PNAs are not widely available and require specialized methods for synthesis. Thus, the use of simple oligonucleotides capable of being prepared by routine methods, as described here, would be a significant advantage. This report presents data demonstrating that such oligonucleotides are capable of blocking PCR amplification as predicted, in a sequence-dependent manner, provided that the Stoffel fragment is used.
MATERIALS AND METHODS
Oligonucleotide Synthesis and DNA
Oligonucleotides were synthesized by Operon Technologies (Alameda, CA, USA). Table 1 
